INTRODUCTION {#h0.0}
============

Trypanosomatids are parasitic protozoa that cause African sleeping sickness, Chagas disease, and leishmaniases. These trypanosome infections collectively threaten half a billion people worldwide ([@B1]). *Trypanosoma brucei*, the causative agent of African sleeping sickness, is transmitted to the bloodstream of a mammalian host by an infected tsetse fly. The African sleeping sickness is endemic to sub-Saharan Africa, where \~70 million people and countless livestock live at risk of contracting sleeping sickness ([@B2]), and \~\$35 million of economic loss can be attributed to *T. brucei* infection of cattle ([@B3]). The signs and symptoms of sleeping sickness are often nonspecific or recognized later in infection, access to health care is poor, and therapeutic regimens are long and toxic. Further, drug treatment has led to the emergence of drug-resistant parasite strains ([@B2]). Elucidating complex metabolic pathways and enzymes that are key to essential cellular processes may accelerate the development of new and more effective trypanocidal therapies.

Trypanosomes possess a typical eukaryotic cell cycle, comprised of G~1~, S, G~2~, and M phases, which are regulated by Cdc2-related kinases (CRKs) and their partner cyclins. The G~1~/S phase of the cell cycle is regulated by CRK1-cyclin E1 and CRK2-cyclin E1 ([@B4][@B5][@B6]), the latter of which plays a distinct role in posterior-end cell morphogenesis ([@B4], [@B6]). The G~2~/M-phase transition is regulated by CRK3-cyclin B2 ([@B4], [@B5]), and yet the mitosis-to-cytokinesis checkpoint is absent ([@B7]). In mammalian cells, growth factor stimulation through the mitogen-activated protein kinase (MAPK) pathway promotes the G~1~/S-phase transition in a CDK2-cyclin E-dependent manner ([@B8]). However, canonical growth factor receptors have not been identified in *T. brucei*, and MAPK orthologues have not been implicated in G~1~/S-phase progression, suggesting an involvement of alternative pathways for trypanosome cell cycle regulation ([@B9]). As such, these alternative regulatory pathways may be amenable to targeting for trypanocidal therapy.

Compared with other eukaryotic cells, trypanosomes have multiple unique subcellular features, specifically the flagellum and a single mitochondrion harboring the kinetoplast mitochondrial DNA (kDNA), adding complexity to the *T. brucei* cell cycle, which is coordinated by microtubule morphogenesis ([@B10]). *T. brucei* begins the cell cycle with basal body duplication and nucleation of a new flagellum, followed by duplication of the kDNA and nuclear genome ([@B11]). Synthesis of kDNA coincides with initiation of nuclear DNA synthesis and rotation of the new basal body from an anterior to a posterior position relative to the old flagellum ([@B12][@B13][@B14]). While centrosomes are absent from trypanosomes, microtubule organizing centers, known as basal bodies, nucleate the flagellum but are not involved in spindle assembly ([@B15]). In fact, rotation of the basal body drives the segregation of the replicated kDNA ([@B14], [@B16]). Posterior-end repositioning of the duplicated basal body and kDNA occurs simultaneously with the initiation of mitosis ([@B11], [@B13]). Following mitosis, cytokinesis occurs as the cell divides longitudinally by binary fission along a cleavage furrow initiated at the anterior tip of the new flagellar attachment zone ([@B17]). The flagellum and attachment zone define the cleavage plane, which ingresses unidirectionally along the long axis from the anterior to the posterior end of the cell ([@B18], [@B19]).

Sphingolipids, or glucosylceramides, and their metabolites, ceramide, sphingosine and sphingosine-1-phosphate (S1P), contribute to eukaryotic plasma membrane architecture, function in protein trafficking and sorting ([@B20], [@B21]), and serve as second messengers for diverse cellular processes, including the heat stress response, regulation of cell growth, cell cycle progression, and apoptosis ([@B22], [@B23]). In trypanosomes, sphingolipids are synthesized through the condensation of palmitoyl coenzyme A (CoA) with serine, catalyzed by serine palmitoyltransferase (SPT) to form 3-ketosphingosine ([Fig. 1](#fig1){ref-type="fig"}). 3-Ketosphingosine is then modified reversibly to sphingosine, which is reversibly monophosphorylated by sphingosine kinase (SPHK) into S1P. As second messengers in eukaryotes, ceramide and sphingosine promote cell cycle arrest and apoptosis, while S1P promotes cell proliferation and survival ([@B24][@B25][@B26]). S1P can be dephosphorylated by phosphatidic acid phosphatase (PPAP) back into sphingosine. An alternative sphingosine pathway feeds into the ethanolamine biosynthesis pathway via irreversible cleavage of S1P by sphingosine phosphate lyase to produce phosphoethanolamine.

![Sphingolipid metabolic pathway. The *de novo* biogenesis of sphingolipids begins with the condensation of serine and palmitoyl CoA by SPT. Bioactive sphingolipids (heavily outlined boxes), generated *de novo* or via breakdown of sphingomyelin, function as potent regulators of cellular proliferation and survival. Ceramide and sphingosine promote cell cycle arrest and apoptosis, while S1P, produced by phosphorylation of sphingosine by sphingosine kinase, promotes cell proliferation and survival. Sphingosine phosphate lyase catalyzes the irreversible cleavage of S1P to phosphoethanolamine, facilitating movement of bioactive sphingolipids into the ethanolamine biosynthesis pathway. Sphingosine may also be converted to dihydroceramide and then to ceramide, through the actions of dihydroceramide synthase and desaturase, respectively. Enzymes are italicized in this figure.](mbo0051524810001){#fig1}

Sphingosine kinase (SPHK) is a highly conserved enzyme in eukaryotes. There are two isoforms in mammals, SPHK1 and SPHK2 ([@B25]). In humans, dysregulation of SPHK1 and its enzymatic product, S1P, leads to cancer cell survival and tumor progression ([@B25]), while in the protozoan *Leishmania*, SPHK is essential for viability and host cell infection ([@B27]).

A long-term goal of our laboratory is the development of novel drugs that specifically target trypanosomes while sparing the human (and animal) host. We previously discovered that SPT, a key enzyme in the ceramide biosynthetic pathway, is essential in *T. brucei* ([@B28]). Depletion of SPT2 results in substantially reduced levels of inositolphosphorylceramide and incomplete cleavage furrow formation, promoting aberrant cytokinesis and polyploidy ([@B28]). In the present study, we explored the function of SPHK in trypanosomes, with a focus on its involvement in cell cycle regulation. Through RNA interference (RNAi)-mediated depletion of *T. brucei* SPHK (TbSPHK) in insect procyclic-form (PF) *T. brucei*, we observed attenuated cell division, microtubule elongation at the posterior tip, and altered organelle positioning. Cytotoxicity assays using TbSPHK inhibitors revealed a favorable therapeutic index between *T. brucei* and human cells.

RESULTS {#h1}
=======

Identification and confirmation of *T. brucei* SPHK. {#s1.1}
----------------------------------------------------

To identify SPHK orthologues in the *T. brucei* genome, a protein BLAST search was performed using the amino acid sequence for human SPHK1 (HsSPHK1; GeneID 8877) against *T. brucei* genome databases (<http://www.genedb.org> and <http://www.tritrypdb.org>). A single SPHK orthologue was identified (Tb927.7.1240), annotated as a putative SPHK having a conserved diacylglycerol kinase domain (C5). TbSPHK encodes a 769-amino-acid protein displaying 39 to 44% domain sequence identity with other trypanosomatid SPHKs and 21% domain identity with the human enzyme ([Fig. 2](#fig2){ref-type="fig"}). The analysis also revealed that TbSPHK contains a protein kinase domain (subdomains C1, C2, and C3), a sphingosine binding site (domain C4), and a lipid kinase domain (domain C5). In contrast to the HsSPHKs, the trypanosomatid SPHKs have more-extended protein kinase domains, suggesting potential differences in biochemical properties and/or substrate specificity. The N termini of the trypanosomatid enzymes are also considerably longer than those of the human enzymes.

![Conserved domain structure among SPHK orthologues. (A) Schematic of conserved domains found among SPHK orthologues in *T. brucei* (TbSHPK; Tb927.7.1240), *Leishmania major* (LmSPHK; LmjF26.0710), *Trypanosoma cruzi* (TcSPHK; Tc00.1047053507515.120), and *Homo sapiens* (HsSPHK1, Gene ID 8877; HsSPHK2, Gene ID 56848). TbSPHK harbors a conserved protein kinase motif (domains C1 to C3) and a sphingosine binding site (domain C4). Domain C5 is conserved among lipid kinases. Percent identity over the conserved domains is shown. aa, amino acids. (B) ClustalW multiple sequence alignment of the conserved domains (underlined) found in the SPHK orthologues described above. TbSPHK harbors a conserved protein kinase motif (domains C1 to C3) and sphingosine binding site (domain C4; asterisks). Asterisks above domain C2 denote the ATP-binding site. Domain C5 is a conserved domain observed among lipid kinases. Shading was generated by BOXSHADE (identical residues are shaded black, and conserved residues are shaded gray).](mbo0051524810002){#fig2}

TbSPHK activity decreases in growth-arrested cells. {#s1.2}
---------------------------------------------------

Consistent with the published transcriptome analysis ([@B29]), we found that TbSPHK is constitutively expressed in the log (L) and stationary (S) phases of both mammalian bloodstream-form (BF) and insect procyclic-form (PF) *T. brucei* ([Fig. 3A](#fig3){ref-type="fig"}). Similar to the results of the genome-wide transcriptome analysis previously performed ([@B30]), the SPHK mRNA level is greater in BF than in PF cells. To confirm that *T. brucei* can convert sphingosine to S1P, a defining activity of TbSPHK, whole-cell lysates were prepared from BF and PF trypanosomes for *in vitro* sphingosine kinase assays ([Fig. 3B](#fig3){ref-type="fig"}). TbSPHK converts sphingosine to S1P with Michaelis-Menten kinetics, with a 2.2-fold-greater specific activity in log-phase PF cells than in BF cells (83.1 ± 8.6 versus 37.4 ± 4.6 pmol ⋅ min^−1^ ⋅ mg^−1^) at a saturating sphingosine concentration of 120 µM. TbSPHK activity in BF cells was attenuated 2-fold by the addition of the sphingosine kinase inhibitor dimethyl sphingosine (DMS). Similar to observations in *Saccharomyces cerevisiae* ([@B31]), SPHK activity is much lower in stationary-phase trypanosomes than in those in log phase. A 16.3- and an 8.9-fold decrease in activity were observed in stationary-phase PF (5.1 ± 0.7 pmol ⋅ min^−1^ ⋅ mg^−1^) and BF (4.2 ± 1.4 pmol ⋅ min^−1^ ⋅ mg^−1^) trypanosomes, respectively, compared to the log phase.

![TbSPHK activity is attenuated in stationary phase. (A) Semiquantitative RT-PCR analysis of TbSPHK expression in log- and stationary-phase bloodstream-form (BF) and procyclic-form (PF) trypanosomes. Values represent relative TbSPHK expression after normalization to tubulin. Representative results from triplicate experiments are shown. (B) Analysis of TbSPHK enzymatic specific activity in log- and stationary-phase BF and PF trypanosomes. *In vitro* sphingosine kinase assays were performed in the presence of \[γ-^32^P\]ATP (10 µCi), 0 to 120 µM sphingosine, and 10 µg whole-cell extracts, as described in Materials and Methods. For the analysis of DMS inhibitor kinetics in BF trypanosomes, assays were performed in the absence or presence of 10 µM DMS (*K~i~* = 1.05 ± 0.15 µM). Lipids were extracted and resolved by TLC, and radiolabeled S1P was quantified by phosphorimaging, followed by nonlinear regression. Data are expressed as means ± standard deviations from triplicates of three independent experiments.](mbo0051524810003){#fig3}

TbSPHK-depleted cells exhibit attenuated growth and defective G~1~/S cell cycle transition. {#s1.3}
-------------------------------------------------------------------------------------------

To investigate the role of TbSPHK in *T. brucei* growth regulation, we employed TbSPHK RNAi to deplete the enzyme in PF cells ([Fig. 4A](#fig4){ref-type="fig"}). TbSPHK RNAi was induced by the addition of tetracycline, and the growth of wild-type (WT) and TbSPHK RNAi cells (with or without addition of tetracycline \[+Tet or −Tet, respectively\]) was monitored daily for 10 days. Compared to control cells (WT and −Tet), growth defects were apparent in TbSPHK-depleted cells beginning at day 4 post-RNAi induction; by day 10, there was a 2-log difference in cumulative growth ([Fig. 4A](#fig4){ref-type="fig"}). This is consistent with the growth defect observed on TbSPHK depletion in a high-throughput RNAi screen performed previously ([@B32]). Depletion of TbSPHK mRNA was confirmed by reverse transcription-PCR (RT-PCR) ([Fig. 4B](#fig4){ref-type="fig"}), and analysis of TbSPHK enzymatic activity on days 2, 4, 6, and 8 post-RNAi induction revealed an 87% decrease in activity by day 2 ([Fig. 4C](#fig4){ref-type="fig"}).

![TbSPHK-depleted cells exhibit attenuated growth and accumulation in G~1~/S. (A) Cumulative cell growth of PF wild-type (WT), uninduced (−Tet), and tetracycline-induced (+Tet) TbSPHK RNAi cells. Data are expressed as means of triplicates from three independent experiments ± standard deviations. (B) Semiquantitative RT-PCR analysis of TbSPHK expression in BF, PF, and TbSPHK RNAi-induced cells on day 2 postinduction. Values represent relative TbSPHK expression after normalization to tubulin. (C) Effect of TbSPHK depletion on endogenous sphingosine kinase activity. *In vitro* sphingosine kinase assays were performed in the presence of \[γ-^32^P\]ATP (10 µCi), sphingosine (15 µM), and whole-cell extracts (10 µg) isolated from wild-type, uninduced, and tetracycline-induced TbSPHK RNAi cells on days 2, 4, 6, and 8 postinduction (p.i.). Control reactions were performed in the presence of recombinant His-HsSPHK1 (+) or heat-inactivated wild-type whole-cell extract (−). Lipids were extracted and resolved by TLC, and radiolabeled S1P was quantified by phosphorimaging. (D) Cell cycle analysis of wild-type log (WT~L~)- and stationary (WT~S~)-phase cells and TbSPHK RNAi cells grown in the presence or absence of tetracycline (+Tet or −Tet, respectively) for 6 days. Cells (10^7^) were stained with propidium iodide, and DNA content was determined by flow cytometry and analyzed using ModFit software. Representative histograms from triplicate experiments are shown. Mean percentages (± standard deviations) of G~1~- and G~2~-phase parasites are shown (\*, *P* \< 0.05). Representative results from triplicate experiments are shown in panels C and D (± standard deviations).](mbo0051524810004){#fig4}

The growth defects observed in TbSPHK RNAi cells by day 5 post induction suggested a possible role of TbSPHK in cell cycle progression and/or apoptosis, as observed in other eukaryotes ([@B33]). To determine whether TbSPHK participates in cell cycle regulation, the DNA content of wild-type (log- and stationary-phase) and TbSPHK RNAi cells (+/−Tet) was analyzed by flow cytometry 6 days post-RNAi induction ([Fig. 4D](#fig4){ref-type="fig"}). As expected, wild-type stationary-phase cells (WT~S~) accumulated in G~1~ compared to wild-type log-phase cells (WT~L~). Analysis of TbSPHK RNAi cells (+/−Tet) revealed a modest but significant attenuation of G~1~/S-phase transition in TbSPHK-depleted (+Tet) cells (*P* \< 0.05), albeit less than that observed in stationary-phase cells. The growth defect observed in TbSPHK-depleted cells was not attributable to a cytokinesis defect or apoptosis, since no accumulation of multinucleated cells or cell debris was observed in ungated histograms. Further, no aberrant forms were noted by direct microscopy. Consistent with this observation, there was no evidence of necrosis or apoptosis in TbSPHK-depleted cells when analyzed by flow cytometry after costaining with propidium iodide and annexin V (data not shown). To confirm that the growth defects in RNAi cells are attributable to TbSPHK depletion and not to a downstream effect on the ethanolamine pathway ([Fig. 1](#fig1){ref-type="fig"}), we engineered an RNAi line permitting depletion of sphingosine phosphate lyase (TbSPL, Tb927.6.3630). Log-phase growth was not affected by TbSPL depletion ([Fig. 5](#fig5){ref-type="fig"}), indicating that TbSPL is not essential for growth.

![*T. brucei* sphingosine-1-phosphate lyase is not essential for growth. (A) Cumulative cell growth of PF control (−Tet) and tetracycline-induced (+Tet) TbSPL RNAi cells. (B) Semiquantitative RT-PCR analysis of TbSPL expression in control and TbSPL RNAi-induced cells on day 2 postinduction. Values represent relative TbSPL expression after normalization to a tubulin control.](mbo0051524810005){#fig5}

TbSPHK regulates microtubule morphogenesis and organelle positioning. {#s1.4}
---------------------------------------------------------------------

Although TbSPHK-depleted cells do not develop gross cytokinetic defects, we examined the morphology of these cells to further explore the growth defect. Log-phase TbSPHK-depleted cells are elongated, similarly to stationary-phase cells ([Fig. 6A](#fig6){ref-type="fig"}). Length measurements of the posterior end (distance between the kDNA and posterior end of the cell) in wild-type (log- and stationary-phase) and TbSPHK RNAi (+/−Tet) cells on day 6 postinduction revealed a significant (*P* \< 0.001) increase in the posterior-end length of TbSPHK-depleted cells over that in control cells ([Fig. 6B](#fig6){ref-type="fig"}). TbSPHK-depleted cells exhibited a median posterior length of 6.2 µm, while wild-type log-phase and uninduced (−Tet) control cells exhibited median posterior lengths of 3.9 and 5.0 µm, respectively. Similarly to TbSPHK-depleted cells, wild-type stationary-phase cells have a median posterior-end length of 5.8 µm. With an upper quartile of 7.3 µm, extreme posterior lengths up to 13 µm were observed in TbSPHK-depleted cells, in which an upper quartile image is shown ([Fig. 6A](#fig6){ref-type="fig"}, XP). Notably, many TbPSHK-depleted cells exhibited abnormal kinetoplast positioning ([Fig. 6A](#fig6){ref-type="fig"}, KP).

![TbSPHK regulates posterior morphology and organelle positioning. (A) Wild-type log-phase (WT~L~), wild-type stationary-phase (WT~S~), and TbSPHK RNAi (+Tet or −Tet) cells were stained with DAPI (DNA) and YL1/2 (tyrosinated tubulin/basal bodies) and analyzed by immunofluorescence microscopy on day 6 postinduction. Arrows indicate the positions of the nucleus (n), kDNA (k), and basal bodies (b). Representative images of median 1B1K1N cell posterior lengths are shown. The cells at the bottom marked XP and KP represent those having extreme posterior elongation and abnormal kDNA positioning, respectively. Bar, 10 µm. DIC, differential interference contrast. (B) Quantification of extended posterior-end morphology in 1K1N wild-type (log- and stationary-phase) and TbSPHK RNAi-uninduced (−Tet) and induced (+Tet) cells showing minimum, mean, and maximum posterior-end lengths on day 6 postinduction. Measurements were taken between the kDNA and posterior end (\>150 1B1K1N cells per group) using AxioVision software, and data were analyzed by one-way ANOVA, followed by Bonferroni posttest. Data are expressed as means ± standard deviations. \*\*\*, *P* \< 0.001. (C) Karyotype analysis of TbSPHK RNAi-depleted cells grown in the absence or presence of tetracycline for 6 days. Cells were costained with DAPI and YL1/2 antibody, and nuclei, kinetoplasts, and basal bodies were assessed microscopically. Cell nuclear and kinetoplast contents were scored manually, and data were analyzed by two-way ANOVA, followed by the Bonferroni posttest. Mean percentages (± standard deviations) of 1B1K1N, 2B1K1N, 2B2K1N, 2B2K2N, and aberrant cells (*n* \> 200) from triplicate experiments are shown (\*, *P* \< 0.05). (D) Percentages of cells showing kDNA positioning defects in log- and stationary-phase wild-type (1B1K1N) cells and in TBSPHK RNAi cells induced or not by tetracycline (+Tet or −Tet, respectively). A mispositioned basal body/kinetoplast is located anterior to the nucleus (toward the free flagellum, left in this panel). Data (± standard deviations) were analyzed by one-way ANOVA, followed by the Bonferroni posttest (\*\*\*, *P* \< 0.001).](mbo0051524810006){#fig6}

To investigate a possible function for TbSPHK in regulating organelle positioning and cell morphology, we assessed microtubule assembly and nucleoid content in control and TbSPHK-depleted cells, staining the cells with anti-tyrosinated α-tubulin (YL1/2 \[[@B34]\]) to visualize basal bodies (B) and newly polymerized microtubules and 4′,6-diamidino-2-phenylindole (DAPI) to visualize kDNA (K) and nuclei (N) ([Fig. 6A](#fig6){ref-type="fig"}). An accumulation of tyrosinated α-tubulin was observed at the elongated posterior end of TbSPHK-depleted cells ([Fig. 6A](#fig6){ref-type="fig"}). This phenotype is irreversible. Removal of tetracycline and restoration of TbSPHK expression did not allow the cells to divide. As part of this elongation phenotype, the kinetoplast shifted to the posterior end of the cell, accompanied by concentration of tyrosinated α-tubulin at the extended posterior tip. Flagellar length increased commensurate with cell elongation. Nucleoid analysis of TbSPHK-depleted cells showed a modest but significant accumulation of 1B1K1N cells ([Fig. 6C](#fig6){ref-type="fig"}), compared to control cells, confirming the attenuation of G~1~/S-phase cell cycle progression observed by flow cytometry ([Fig. 4D](#fig4){ref-type="fig"}).

The *T. brucei* cell cycle is highly coordinated and mediated by microtubule dynamics that ensure correct duplication and segregation of organelles at all life cycle stages ([@B10], [@B12], [@B14], [@B16]). When procyclic trypanosomes in the tsetse midgut differentiate to proventricular epimastigotes, the cells elongate, arrest in G~0~/G~1~, G~0~and reposition the kinetoplast from posterior to anterior relative to the nucleus ([@B35]). Since it appears that TbSPHK functions upstream of microtubule morphogenesis or patterning ([Fig. 6A](#fig6){ref-type="fig"} and [B](#fig6){ref-type="fig"}), which is in turn responsible for proper organelle positioning, the 1B1K1N cells ([Fig. 6A](#fig6){ref-type="fig"}) were further analyzed for kDNA positioning ([Fig. 6D](#fig6){ref-type="fig"}). TbSPHK depletion resulted in mispositioning of the basal body/kinetoplast anterior to the nucleus position in 27.7% ± 2.7% of cells versus 0.5% ± 0.9%, 4.3% ± 2.7%, and 2.5% ± 0.9% of wild-type log-phase cells, wild-type stationary-phase cells, and uninduced RNAi controls, respectively ([Fig. 6A](#fig6){ref-type="fig"} and [C](#fig6){ref-type="fig"}). This finding further supports a role for TbSPHK in microtubule assembly and organelle positioning and suggests a possible role of SPHK in the differentiation of trypanosomes from procyclic to mesocyclic forms. Beyond these cellular changes, overall morphology and microtubule organization appear normal.

SPHK inhibitors kill *T. brucei in vitro*. {#s1.5}
------------------------------------------

To evaluate TbSPHK as a potential therapeutic target, we tested the SPHK inhibitors dimethylsphingosine (DMS) ([@B36]) and [l]{.smallcaps}-threodihydrosphingosine (safingol) ([@B37]) on the viability of *T. brucei* BF cells ([Fig. 7](#fig7){ref-type="fig"}). Mammalian cell growth inhibition was assessed in parallel using human U937 histiocytic lymphoma cells to model a rapidly growing human cell likely to be sensitive to systemic cell cycle inhibitors. Cell viability in the presence of vehicle or various concentrations of the indicated SPHK inhibitor was measured 24 h posttreatment using the thiazolyl blue tetrazolium bromide (MTT) assay of cell viability ([Fig. 7](#fig7){ref-type="fig"}). Both DMS and safingol demonstrated a wide therapeutic index of cytotoxicity between BF *T. brucei* (50% lethal concentration \[LC~50~\] = 1 to 1.5 µM for both DMS and safingol) and human U937 cells (DMS LC~50~ = \>12.8 µM; safingol LC~50~ = 16 to 20 µM).

![Sphingosine kinase inhibitors are toxic to *T. brucei* in vitro. Bloodstream-form *T. brucei* or U937 myeloid leukemia cells (control) were treated for 24 h with vehicle or the indicated concentrations of DMS or safingol, and cell viability was determined using the MTT assay. Data showing mean percent viability (± standard deviation) from triplicates of three independent experiments are shown.](mbo0051524810007){#fig7}

DISCUSSION {#h2}
==========

In eukaryotes, sphingolipids play important roles in cell membrane structure, signal transduction, and protein trafficking. Sphingolipids are also essential for the viability and virulence of the trypanosomatid *Leishmania* ([@B27]). SPHK, which phosphorylates sphingosine to generate S1P, regulates a number of important cellular processes, such as proliferation, apoptosis, calcium homeostasis, and the immune response ([@B24]). While most eukaryotes possess two SPHK isoforms, trypanosomatids have only one ([Fig. 2](#fig2){ref-type="fig"}). Differences in domain sequence and length between trypanosomatid and human SPHK proteins ([Fig. 2](#fig2){ref-type="fig"}) suggest biochemical differences that may afford an avenue for drug discovery for these important human pathogens.

We previously discovered that SPT is essential in *T. brucei* ([@B28]). SPT depletion prevented the synthesis of inositolphosphorylceramide, leading to defective cytokinesis and the production of multinucleated, multiflagellated syncytia which then die. To continue this work on lipid synthesis pathways, we investigated the role of SPHK in trypanosome physiology ([Fig. 1](#fig1){ref-type="fig"}). TbSPHK is constitutively expressed in both log- and stationary-phase BF and PF cells, with higher mRNA levels in BF cells ([Fig. 3](#fig3){ref-type="fig"}). Study of TbSPHK enzymatic activity revealed typical Michaelis-Menten kinetics, which was significantly attenuated in stationary-phase cells. This is consistent with findings in yeast, in which higher SPHK specific activity is observed during log-phase growth ([@B30]). Furthermore, a 2.2-times-greater TbSPHK specific activity was observed in PF than in BF cells. Therefore, while TbSPHK is constitutively expressed, TbSPHK enzymatic activity is differentially regulated, both during the cell cycle and in different life cycle stages of *T. brucei*.

The observation that TbSPHK activity is differentially regulated in the *T. brucei* cell and life cycles prompted us to investigate the effect of TbSPHK depletion on cell viability. TbSPHK RNAi resulted in a growth defect that began to be apparent at 4 days post-RNAi, almost certainly because it took several days for TbSPHK protein levels to drop low enough for the deficiency to be expressed. Cumulative growth was 2 logs lower by day 10 post-RNAi induction ([Fig. 4](#fig4){ref-type="fig"}). However, no accumulation of aberrant karyotypes was observed as assessed by flow cytometry ([Fig. 4D](#fig4){ref-type="fig"}) or immunofluorescence microscopy ([Fig. 6C](#fig6){ref-type="fig"}), indicating that TbSPHK is not required for proper cytokinesis. Growth impairment in SPHKA-knockout cells was noted in *Leishmania* promastigotes as well ([@B27]), suggesting pleiotropic effects of SPHK depletion across kinetoplastids.

To dissect the basis for growth impairment, we analyzed parasite DNA content, reflective of the cell cycle stage of the parasite, and observed that TbSPHK-depleted cells accumulated in G~1~. This suggests that cell cycle delay is central to the growth deficit. Given the essential role of microtubule dynamics in cell division, we analyzed cells for the distribution of newly polymerized tyrosinated α-tubulin in TbSPHK-depleted cells, which revealed both an accumulation of tubulin and an elongation of the posterior end of the cell, as well as kinetoplast mispositioning ([Fig. 6](#fig6){ref-type="fig"}). Previous work by Gourguechon et al. also revealed an elongated posterior end in *T. brucei* cells depleted of cyclin E1 plus CR2 ([@B6]). This posterior-end elongation phenotype had previously been named "nozzle" by the Matthews group, when they observed the same result from zinc finger protein TbZFP2 overexpression ([@B38]). RNAi depletion of PHO80-like cyclin CYC2 also produced nozzle cells ([@B39]). Similarly to TbZFP2 overexpression and CYC2 RNAi cells, the microtubule extension in TbSPHK-depleted cells was a regulated process focused at the posterior tip of the cell body. The timeline for the appearance of the phenotype in the case of TbSPHK knockdown was similar to that observed upon CYC2 depletion. Importantly, accumulation of tyrosinated tubulin is not observed in elongated stationary-phase wild-type cells, which naturally exhibit attenuated TbSPHK activity ([Fig. 3](#fig3){ref-type="fig"}). This could be attributed to a dose-dependent contribution of SPHK to this process or perhaps altered environmental signaling during periods of limited nutrient availability. It is also noteworthy that the TbSPHK cells, once they become nozzle cells, remain so even after release of TbSPHK inhibition and die. We also ruled out the possibility that the nozzle phenotype developed as a result of a downstream effect on the ethanolamine pathway, by depleting TbSPL ([Fig. 1](#fig1){ref-type="fig"}). Knockdown of TbSPL had no effect on growth or cell morphology ([Fig. 5](#fig5){ref-type="fig"}).

The abnormal microtubule dynamics led us to examine the positions of the nucleus, kinetoplast, and basal bodies. Normally, posterior movement of the duplicated basal bodies and kDNA accompanies the initiation of mitosis, while rotational movements of basal bodies help drive segregation of the newly replicated kDNA ([@B6][@B7][@B8]). Analysis of TbSPHK-depleted cells revealed defects in basal body and kDNA positioning without production of aberrant nucleus and kDNA content. Together, these findings suggest that SPHK plays a role in microtubular patterning and organelle positioning which, while not essential, contributes to attenuated cell growth by cell cycle arrest in G~1~. Since canonical growth factor receptors are absent from *T. brucei* and mitogen-activated protein kinase (MAPK) orthologues are not involved in G~1~/S-phase progression ([@B9]), trypanosomes may have evolved distinct mechanisms regulating these processes ([@B9]). Thus, S1P, the product of TbSPHK enzymatic activity, may have a unique role in trypanosome cell cycle progression, different from that in higher eukaryotes.

In addition to becoming nozzle cells, TbSPHK-depleted cells also exhibit a repositioning of the kinetoplast from a posterior to an anterior position relative to the nucleus, suggesting possible involvement of TbSPHK inhibition in the differentiation of procyclic forms to mesocyclic forms. When the nozzle phenotype was first reported upon depletion of the CCCH proteins ZFP1 and ZFP2, differentiation of BF to PF cells was inhibited ([@B38]). It is yet to be determined if all the proteins whose depletion causes the nozzle phenotype work independently or together through one or more pathways, some of which could also be involved in regulating cell differentiation. Nonetheless, the resemblance of the posterior-end length of TbSPHK-depleted cells to wild-type stationary-phase cells, in addition to modest attenuation of TbSPHK-depleted cells in G~1~/S-phase cell cycle transition ([Fig. 4C](#fig4){ref-type="fig"}), suggests that S1P modulates an upstream cellular process indirectly affecting cell cycle progression and procyclic differentiation. This is the first report that links sphingolipid metabolism to trypanosome cell cycle regulation and differentiation.

The results of cytotoxicity assays with SPHK inhibitors ([Fig. 7](#fig7){ref-type="fig"}) suggest that TbSPHK may be a novel drug target. Both DMS and safingol have a 10-fold therapeutic index versus human cells. DMS is useful for the treatment of neuropathic pain in rats ([@B40]), and safingol is currently in clinical trials for relapses of solid tumor malignancies ([https://clinicaltrials.gov/ct2/show/NCT01553071](https://clinicaltrials.gov/ct2/show/nct01553071)). If eventually approved for use in humans, both of these drugs could be tested for repurposing to treat *T. brucei* infection. Since most eukaryotes have two SPHK isoenzymes and trypanosomes have one, it is possible that mammalian cells are more tolerant to SPHK inhibitors than are trypanosomes. Recent studies suggest redundancy in the function of the two isoenzymes, as homozygous single knockouts are viable with no obvious phenotypes in either yeast ([@B41]) or mice ([@B42], [@B43]). Research in HeLa cells also indicates a role for HsSPHK1 in endocytic membrane trafficking ([@B44]), an area that needs further investigation in other organisms, including trypanosomes. Taken together, our work and the work of others suggests that TbSPHK may be a novel target for trypanocidal chemotherapy. Further studies of S1P function in trypanosomes are needed to elucidate its diverse function in various cellular activities, including the cell cycle regulation and differentiation of procyclic forms to mesocyclic forms.

Finally, our findings highlight the importance of lipid metabolic pathways in regulating cellular and molecular processes. Within the realm of sphingolipids, future studies on the sphingolipid metabolic pathway and direct targets of S1P would advance our understanding of the mechanisms by which SPHK regulates *T. brucei* cell cycle regulation. Of course, this is always the challenge with results like these---how to link a metabolic enzyme to major aberrations in cell morphology, in this case microtubule dynamics, organelle positioning, and cell cycle regulation. Characterization of additional enzymes involved in sphingolipid metabolism will not only improve our understanding of trypanosome biology but also expand knowledge of signaling pathways affected by modified sphingosines.

MATERIALS AND METHODS {#h3}
=====================

Cell culture. {#s3.1}
-------------

All *T. brucei* cells developed for this study were derived from the PF 29-13 line or the bloodstream-form (BF) "single marker" line ([@B45]). Both were originally derived from Lister strain 427, antigenic type MITat1.2, clone 221a ([@B46]), and were engineered to coexpress bacteriophage T7 RNA polymerase and tet repressor to permit tetracycline-inducible transcription. PF parasites were cultured at 27°C in SDM-79 medium ([@B47]) supplemented with 10% dialyzed fetal bovine serum (FBS; Sigma-Aldrich, Saint Louis, MO), 7.5 µg/ml hemin, 100 U/ml penicillin-streptomycin, 50 µg/ml hygromycin, and 15 µg/ml G418. BF parasites were cultured at 37°C with 5% CO~2~ in HMI-9 medium ([@B47]) supplemented with 10% FBS, 10% serum plus medium complement (SAFC Biosciences, Lenexa, KS), 100 U/ml penicillin-streptomycin, and 2.5 µg/ml G418. RNAi cell lines were cultured under continuous drug selection with 2.5 µg/ml phleomycin. U937 human leukemic monocytes (ATCC) ([@B48]) were cultured at 37°C with 5% CO~2~ in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS.

Generation of RNAi constructs and cell lines. {#s3.2}
---------------------------------------------

For the generation of TbSPHK RNAi mutants in PF *T. brucei*, a unique 532-bp region of the TbSPHK locus (Tb927.7.1240), identified by RNAit software ([@B49]), was amplified from 29-13 genomic DNA using primers GGC[CTCGAG]{.ul}ATTCCAGCTGGTAGTGGGTG (5′ SPHK containing an XhoI linker \[underlined\]) and GGC[AAGCTT]{.ul}GGCACTGATCCGTGTATGTG (3′ SPHK reverse primer containing a HindIII linker \[underlined\]). The PCR product was digested with XhoI and HindIII, subcloned into the pZJM RNAi vector ([@B50]), and sequenced. For the generation of pZJM-TbSPL, a 519-bp fragment of TbSPL (Tb927.6.3630) was amplified from 29-13 genomic DNA using primers CGATGGTCGTTCACATGTTCAACG (5′ SPL forward) and CCTTTGGGAGCAAAACCATACTTGTG (3′ SPL reverse) and subcloned into the pCR-BLUNTII-TOPO vector (Invitrogen, Carlsbad, CA) before digestion with XhoI and HindIII and ligation into pZJM.

For transfection of PF *T. brucei*, 10 µg of NotI-linearized pZJM-TbSPHK or pZJM-TbSPL DNA (or water control) was mixed with 2.25 × 10^7^ 29-13 cells suspended in 450 µl of electroporation medium (120 mM KCl, 0.15 mM CaCl~2~, 9.2 mM K~2~HPO~4~, 25 mM HEPES, 2 mM EDTA, 4.75 mM MgCl~2~, 69 mM sucrose, pH 7.6), transferred to a 0.4-cm-gap cuvette, and electroporated twice at 1.4 kV, 25 µF, using a Bio-Rad Gene Pulser electroporator (Bio-Rad, Hercules, CA). Cells were transferred to 10 ml of fresh SDM-79 medium, and antibiotic selection was initiated 24 h posttransfection by the addition of 2.5 µg/ml phleomycin. RNAi induction was initiated with the addition of 1 µg/ml tetracycline, and RNA was isolated with 1 ml Trizol reagent (Invitrogen, Carlsbad, CA) per 10^8^ cells on day 2 postinduction.

Determination of RNAi effectiveness was performed via RT-PCR using cDNA prepared from total RNA (2 µg) by reverse transcription using GAGAATTCTCGAGTCGACTTTTTTTTTTTTTTTTT \[oligo(dT)-RXS primer\] and the SuperScript III first-strand synthesis system (Invitrogen, Carlsbad, CA), as described by the manufacturer. 29-13::pZJM-TbSPHK-positive clones were validated by semiquantitative RT-PCR using primers CACATACACGGATCAGTGCC (SK-IntF) and CGGGATCCGCGGCCGCCTACTTCCCAGGCAAACTCAGG (pGEX-SPHK-rev). 29-13::pZJM-TbSPL-positive clones were validated by semiquantitative RT-PCR using AGTGCCGAAGGCATAAAGATGCCG (TbSPL-RTfor) and ATGCTCTCCATGATACACTGCGCC (TbSPL-RTrev). Relative TbSPHK and TbSPL mRNA levels were normalized to α-tubulin mRNA using primers TGTTCTTGGACCTGGAGCCAACAGT (α-tubulin RT-PCR forward) and TAGCCGAGCTTGGACTTCTTGCCA (α-tubulin RT-PCR reverse).

*In vitro* growth curves. {#s3.3}
-------------------------

Wild-type 29-13 and TbSPHK RNAi cells were seeded at an initial density of 10^6^ cells/ml, and RNAi induction was initiated by the addition of 1 µg/ml tetracycline. Cell density was monitored daily using a Z-series Coulter Counter with a lower threshold set to 3 µm and an upper threshold set to a 10-µm diameter. Cultures were diluted to 10^6^ cells/ml with fresh medium every 2 days to maintain parasites in the logarithmic phase of growth.

*In vitro* sphingosine kinase assays. {#s3.4}
-------------------------------------

Whole-cell extracts were prepared by sonication (10 s at 20% amplitude over a 20-s interval using a Branson sonicator \[Danbury, CT\]) in assay buffer (0.1 M Tris-HCl \[pH 7.4\], 10 mM magnesium chloride, 1 mM EGTA, 15 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 0.5 mM 4-deoxypyridoxine) containing 10% glycerol and 1× EDTA-free protease inhibitor tablet (Roche, Basel, Switzerland). Lysates were quantified alongside a bovine serum albumin (BSA) standard curve by spectrophotometry using the protein assay reagent (Bio-Rad, Hercules, CA) and diluted to 0.2 mg/ml with assay buffer containing 10% glycerol and a protease inhibitor cocktail. *In vitro* sphingosine kinase assays (100-µl volume) were performed for 30 min at 37°C as described elsewhere ([@B37]) with the following modifications. For the analysis of enzyme and inhibitor kinetics, assays were performed in the presence or absence of 10 µM *N*,*N*-dimethylsphingosine (dissolved in 5% Triton X-100; Avanti Polar Lipids) in assay buffer containing 10 µCi \[γ-^32^P\]ATP (specific activity, 3,000 Ci/mmol), 1 mM ATP, 10 µg whole-cell lysate, 0 to 120 µM [d]{.smallcaps}-erythrosphingosine (dissolved in 5% Triton X-100; Avanti Polar Lipids, Alabaster, AL), and a final 0.4% Triton X-100 concentration. For the analysis of TbSPHK activity exhibited by TbSPHK RNAi-depleted cells on days 2, 4, 6, and 8 postinduction, assays were performed as described above in the presence of 15 µM [d]{.smallcaps}-erythrosphingosine. Control reactions were performed as described above in the presence of 5 ng human recombinant SPHK1 (Cayman Chemical, Ann Arbor, MI; positive control) or 10 µg of heat-inactivated lysates (negative control) prepared by boiling at 100°C for 10 min. Reactions were terminated by lipid extraction with the addition of 270 µl chloroform-methanol-HCl (100:200:1, vol/vol). After vigorous vortexing, 70 µl of chloroform and 20 µl of 2 M KCl were added, and phases were separated by centrifugation. Twenty microliters of the organic phase was resolved by thin-layer chromatography (TLC) on silica gel G60 plates (Whatman, Maidstone, United Kingdom) using a 1-butanol--ethanol--acetic acid--water mobile phase (80:20:10:20, vol/vol), and radiolabeled S1P was visualized using a Fujifilm FLA-5100 phosphorimager (Valhalla, NY). TbSPHK activity was expressed as picomoles per minute per milligram of protein after quantification of radiolabeled S1P alongside a \[γ-^32^P\]ATP/ATP standard curve.

Flow cytometry. {#s3.5}
---------------

Cell samples for flow cytometric analysis were prepared as described elsewhere ([@B51]), with the following modifications. On day 6 postinduction, 1 × 10^7^ wild-type (log and stationary) and TbSPHK RNAi (+/−Tet) cells were harvested by centrifugation (1,000 × *g* at 4°C for 10 min) and washed twice in phosphate-buffered saline (PBS). Cell pellets were fixed and permeabilized by suspension in 100 µl of PBS and mixed with 200 µl of PBS containing 10% ethanol and 5% glycerol. Cells were then mixed with 200 µl of PBS containing 50% ethanol and 5% glycerol and incubated on ice for 5 min. One milliliter of PBS containing 70% ethanol and 5% glycerol was then added, and cells were incubated at 4°C overnight. The cells were then harvested by centrifugation, washed twice in PBS, and suspended in PBS containing 10 µg/ml RNase A (Sigma-Aldrich, Saint Louis, MO), 50 µg/ml propidium iodide, and 0.1% Triton X-100. Following a 30-min incubation at 37°C, cells were put through a 40-µm cell strainer and analyzed by using a Becton, Dickinson LSRII flow cytometer and FACSDiva acquisition software (BD Biosciences, Franklin Lakes, NJ). For DNA analysis, cells (30,000 events per sample) were gated on 2N/4N DNA content, and cell cycle analysis was performed using ModFit software (Verity House Software, Topsham, ME).

Immunofluorescence microscopy. {#s3.6}
------------------------------

Parasites were pelleted by centrifugation at 1,000 × *g* for 10 min, washed twice in PBS supplemented with 13 mM glucose, fixed in 4% paraformaldehyde prepared in PBS, and allowed to settle onto poly-[l]{.smallcaps}-lysine-coated slides for 30 min on ice. Fixative was quenched with 50 mM glycine for 15 min. Cells were permeabilized with 0.2% Triton X-100 prepared in PBS for 15 min and incubated in blocking buffer (2% normal goat serum, 1% BSA in PBS) for 1 h. Cells were incubated overnight with rat anti-YL1/2 antibody ([@B34]) (provided by Keith Gull, Oxford University) diluted 1:10 in blocking buffer, followed by a 30-min wash with PBS. Samples were then incubated for 1 h in Alexa Fluor 488-conjugated goat anti-rat secondary antibody (Life Technologies, Carlsbad, CA) diluted 1:400 in blocking buffer and washed for 30 min with PBS. Cells were incubated with 1 µg/ml 4′,6-diamidino-2-phenylindole (DAPI) for 10 to 20 s, washed for 2 min with ultrapure water, and mounted with Gelvatol containing 100 mg/ml 1,4-diazabicyclo\[2.2.2\]octane. Imaging was performed on a Zeiss upright microscope (Peabody, MA) using a 100× objective. Image acquisition, deconvolution, and analysis were performed using AxioVision software (Peabody, MA).

SPHK inhibitors and cytotoxicity assays. {#s3.7}
----------------------------------------

For *in vitro* cytotoxicity assays, BF *T. brucei* or U937 human lymphoma monocytes were seeded to 5 × 10^5^ cells/ml in 96-well plates and cultured for 24 h in the presence of 0 to 12.8 µM dimethylsphingosine (DMS) or 0 to 32.0 µM [l]{.smallcaps}-threodihydrosphingosine (safingol; Avanti Polar Lipids, Alabaster, AL) (0.1% final ethanol concentration). At 24 h posttreatment, cells were pelleted by centrifugation, suspended in 100 µl of fresh medium containing 1 mM thiazolyl blue tetrazolium bromide (MTT; Sigma-Aldrich, Saint Louis, MO), and incubated at 37°C for 4 h. After the addition of 100-µl solubilization solution (0.1 g/ml SDS prepared in 0.1 M HCl), cells were then incubated at 37°C overnight, and absorbance was measured at 540 nm with a reference wavelength of 690 nm.

Statistical analysis. {#s3.8}
---------------------

Statistical analyses for TbSPHK enzymatic activity assays were performed via nonlinear regression using GraphPad Prism 5 software (La Jolla, CA). For cell karyotype comparisons and posterior-end length comparisons, two-way and one-way analyses of variance (ANOVAs), respectively, were used, followed by the Bonferroni posttest.
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